This work augments an existing LPV feedback controller by a new LPV feedforward filter to improve the stability of a vehicle subject to driver-induced roll disturbances. In particular, the proposed LPV feedforward filter is designed by a Full-Information control approach and uses the saturation indicator concept to consider the restrictive state-dependent force constraints of semi-active dampers. Hence, in the event of saturation, the feedforward filter reduces its contribution to the control signal. The roll stability improvement due to the LPV feedforward filter is demonstrated by lane change experiments.
Introduction
Semi-active suspensions offer a large potential to improve essential vehicle properties like ride comfort, road-holding and handling compared to passive suspensions ( [1, 2] ). The exploitation of this potential relies on suitable semi-active suspension control algorithms which consider the restrictive state-dependent ac-5 tuator force limitations due to the passivity constraint of semi-active dampers.
The optimal values of the design targets ride comfort and road-holding cannot be simultaneously achieved during suspension control design. Hence, the design always has to seek the best compromise between them ( [3, 4] ). The two main disturbances to be attenuated by the semi-active suspension controller are road 10 disturbances and driver-induced roll and pitch disturbances. These two disturbances have distinct frequency ranges meaning that the relevant frequency range of road disturbances is 0 -20 Hz, while the relevant frequency range of driverinduced disturbances is 0 -3 Hz. In most vehicle applications, road disturbances are unknown during runtime, but driver-induced disturbances can be estimated 15 from the driver inputs by a planar vehicle model. The driver-induced disturbances considered in this work emerge from the steering inputs of the driver e.g. when driving on a curvy country road. They significantly affect ride comfort, road-holding and handling. As shown in [5, 6] , controllers which minimize the effect of road disturbances only achieve medium ride comfort and road-holding 20 regarding driver-induced disturbances and vice versa. The authors in [7] address the control design of an active suspension system in the presence of road disturbances and driver-induced disturbances by a special parametrization of an LTI controller for decoupled tuning of the two disturbance transmission paths.
Compared to road disturbances, driver-induced disturbances, however, feature 25 the advantageous property that they can be estimated from the driver inputs and the vehicle states. This knowledge can be explored by a feedforward controller within a two-degree-of-freedom structure. The authors in [6] present a two-degree-of-freedom optimal LQ control design of an active suspension system which simultaneously considers road and driver-induced disturbances. In partic-30 ular as mentioned above, the authors in [6] have observed that the LQ controller without feedforward shows a vital degradation of ride comfort and road-holding.
In [8] , the authors adjust their approach to semi-active suspensions and present experimental results of a cornering manoeuvre. Alternatively, the author in [9] present a so-called steering input augmentation (SIA) of a Skyhook control such 35 that the SIA-Skyhook controller increases its control signal proportional to the steering input. The roll stability enhancement of the SIA-Skyhook controller is then validated by lane change experiments.
In contrast to [6] , this work pursues a feedforward-feedback decoupling approach as theoretically described in [10] , i.e. the separate design of the feed-40 forward and feedback paths. The two-step control design has the appealing property that the feedback controller can focus on attenuation of unknown disturbances and the feedforward filter can achieve fast tracking and rejection of known disturbances. Examples of LPV feedback controllers dedicated to attenuate road disturbances are [11, 12] . These papers present a quarter-vehicle 45 control approach based on polytopic LPV methods. The control design of [11] relies on the appropriate selection of scheduling parameter-dependent weighting filters such that the final controller always stays within the actuator limits.
In the follow-up research in [12] , the polytopic LPV framework is use to approximate the nonlinear damper by an LPV model and subsequently directly 50 incorporate the LPV damper model in the quarter-vehicle plant model. In this way, parameter-dependent weighting filters are no longer mandatory and parameter-independent ones are used. The presented feedforward control design assumes a preexisting LPV feedback controller, which employs the saturation indicator concept introduced in [13] to model the actuator force constraints in 55 the LPV plant ( [14, 15] ). The proposed LPV feedforward filter can be obtained by solving a Full-Information (FI) problem. The FI control approach is simple and naturally extends to LPV plants as shown in [10] . Moreover the FI control approach can be applied to a multitude of feedforward design problems as illustrated by the LPV helicopter control design application presented in [16] 60 and the LPV missile control design example given in [17] . Regarding semiactive suspension control design, the FI control approach features the essential property that the saturation indicator concept is coherently applicable to the feedforward and feedback control design. In this way, the proposed feedforward filter can be designed similar to an existing feedback controller such that the 
Problem Statement
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This work addresses the feedforward control design of a full-vehicle equipped with four semi-active dampers. The control design target is the rejection of driver-induced body roll disturbances, while retaining the closed-loop road disturbance attenuation of a preexisting LPV feedback controller. Moreover, the resulting two-degree-of-freedom controller should firstly feature guaranteed sta-85 bility for all admissible actuator saturation conditions. Secondly, the feedforward filter should not dominate the two-degree-of-freedom controller near the actuator constraints such that the feedforward filter and the feedback controller enjoy equal priority over the constrained control signal. The preexisting LPV feedback controller is assumed according to [14, 15] , i.e. to employ saturation 90 indicator scheduling parameters to model the actuator force limits directly in the LPV plant [13] . Furthermore, the LPV feedback controller is assumed to linearly reduce its control signal depending on the saturation indicators.
A detailed introduction to LPV control design including recent developments and many application examples can be found in [18, 19] . 
LPV Modeling of Actuator Constraints
The general control configuration of a closed-loop with actuator constraints is depicted in Fig. 2 The saturation indicator of the i-th actuator is defined as 
The upper and lower limits are assumed u 
with A ∈ R nx×nx , B 2 ∈ R nx×nu , C 2 ∈ R ny×nx , and the vectors x, y and u of appropriate dimension.
Vehicle Model with Roll Disturbance Input
The behavior of the full-vehicle subject to driver-induced roll disturbances is modeled as proposed in [6] by introducing a roll moment disturbance input d r into the classical LTI full-vehicle model presented e.g. in [20] . In contrast to the design of the feedback controller in [14] , however, the vehicle model with roll disturbance used in this work neglects the body heave and roll degrees-offreedom. This simplification exploits the property that the body heave and pitch degrees-of-freedom and the body roll degree-of-freedom are almost decoupled ( [1] ) such that body roll disturbances do not excite the body heave and pitch motion. Fig. 3 illustrates the front view of the vehicle model with roll degreeof-freedom and introduces the relevant notation. Accordingly, the equations of motion of the vehicle derived from Newton's second law are comprised of the equations of motion of the wheels given by
with the index i ∈ {1, 2, 3, 4} denoting one of the four wheel unit, x bs,i the body position above the wheel contact point at the respective suspension unit, and the body roll degree-of-freedom given by
with the vector l roll = [l y,f /2 − l y,f /2 l y,r /2 − l y,r /2] T . The body positions 100 x bs,i are calculated from the body roll angle x b,roll by a geometric transformation using small angle assumptions as described in [21] . The parameters l y,f and l y,r denote the y-distances from the center of gravity (CoG) to the wheel units, respectively. The body spring stiffness at the front and rear suspensions are denoted by k b,i . Eq. (5) and (6) to roll disturbances can be essentially shaped by adjusting the damper forces. is assumed that the force limits of the semi-active damper allow to perform the transformation with a constant nominal damping. A detailed discussion of this transformation can be found in [11, 22] . The dynamics of the virtual damper forces x F d depending on the control signals u F d is approximated by the first-order modelẋ
with the actuator bandwidth ω d . The vehicle model G Θ with roll disturbance input can now be stated in state-space notation bẏ
with the control input u J , the roll disturbance moment input d r , the saturation indicator matrix Θ and the state vector x given by
The roll disturbance moment d r acting on the vehicle body due to lateral vehicle accelerations can be computed from the lateral acceleration a yS according to
with the transmission factor t roll determined by
The transmission factor t roll transforms the lateral acceleration into a lateral force acting on the vehicle body using the body mass m b and furthermore, into the roll disturbance moment through the lever arm between the point of application of the lateral force and the vehicle roll axis. The lever arm of the 
LPV Feedforward Filter Design
The authors in [10] present the design of a feedforward filter by solving an FI problem. The FI problem represents a special type of control problem whose plant states and disturbances are available as measurements. For LTI systems, it is extensively discussed in [23] and [24] together with three corresponding special problems: the Disturbance-Feedforward (DF), the Full-Control (FC) and the Output-Estimation (OE) problem. The generalization to LPV systems of the FI problem is sketched in [10] . 
The feedforward filter N Θ maps the roll disturbance input d r to the reference measurements y m and the feedforward control signal u m . Starting from the solution of the FI problem, the feedforward filter N Θ is obtained as the inter-connection of the FI controller K F I with system P N according to
with P N given by
The system P N particularly estimates the inputs of the FI controller K F I from the roll disturbance input d r such that the control signal u m of K F I minimizes the effect of the disturbance d r on the plant G Θ . Naturally, in the absence of disturbances d r , the control structure of Fig. 4 recovers the closed-loop with pure feedback. Moreover, as discussed in [10] , for a perfectly known plant and the reference measurements satisfying 
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The FI controller K F I is determined by minimizing the induced L 2 -norm of the closed-loop interconnection Γ (P F I , K F I ). During the problem formulation, the original open-loop plant G Θ is augmented by input and output weighting filters to specify the desired closed-loop shape according to the two-stage loopshaping design process well-established in H ∞ control, see e.g. [25] and [26] .
The resulting open-loop plant P F I is often referred to as generalized open-loop plant. The induced L 2 -norm from the disturbance d r to the performance signals e of LPV system Γ ed (P F I , K F I ) is defined as
with the induced L 2 performance level γ, and the conditions d r 2 = 0 and
ensuring that the L 2 -norm of the input signal d r is well defined. In accordance with [24] , the generalized plant P F I can then be expressed by
The control design presented in this work, assumes proper generalized plants P F I without direct feedthrough of the disturbances to the performance signals.
As shown in [10] , the control design for FI plants according to eq. (18) simplifies to a pure state-feedback control design. The optimal FI controller is then given by
with the state-feedback gain F (θ) determined by the corresponding statefeedback problem with plant P x and controller K x .
The controller synthesis is carried out in MATLAB using the LPVTools toolbox ( [27, 28] ). This toolbox formulates the LPV control problem as a group 
with the grid points υ i and n g the number of grid points. The feedforward filter design presented later on is performed with a scheduling parameter-independent Lyapunov matrix Z. given by
The bar in (21) indicates that the RMS value of the body roll acceleration is computed after filtering the signal by the weighting filter given in [32] . The road-holding properties of a vehicle can be determined from the RMS value of the vectorial dynamic wheel load signal F wl . As described in [26] , the RMS criterion can be computed by
with p the number of elements of F wl and T the sequence length.
The vehicle handling properties can be only indirectly affected by semi-active suspension control. The authors in [33] discuss the contribution of suspension control which results from a reduction of the (dynamic) wheel load transfer. In particular, [33] argue that the lateral force capabilities of an axle decreases due to the wheel load transfer during cornering. The main reason for this effect is the degressive side force characteristic of tires. Hence, the increase in side force due to the higher wheel load of one tire of the axle is smaller than the decrease in side force due to the lower wheel load of the other tire of the axle. Consequently, a high (dynamic) wheel load transfer increases the side slip angles of the tires and reduces the maximum side force capabilities of the vehicle. The driver then has to compensate the large side slip angles of the tires by his steering input.
The RMS value J h of the steering wheel angle δ F given by
is thus a good indicator of the vehicle handling properties.
As shown in the previous section, the feedforward filter can be designed by solving an FI control problem. In the semi-active suspension control design 135 considered in this work, the aim of the feedforward filter is to enhance ride comfort, road-holding and handling of the vehicle subject to driver-induced roll disturbances. Fortunately, these three design targets can be simultaneously realized by the feedforward filter as their individual design specification are largely compatible. With respect to vehicle handling, the steering wheel angle 140 would be the first choice as perfromance signal, unfortunately, the steering wheel angle is not part of the FI control design problem with vehicle model G Θ . As discussed above, however, vehicle handling can be improved by a reduction of the load transfer which is directly correlated to the body roll motion. During the FI control design, the body roll velocity is employed as performance signal.
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The roll velocity sufficiently emphasizes the body roll resonance peak and offers a better roll-off than the roll acceleration. Compared to the roll angle, the roll velocity features a zero steady-state gain with respect to the roll disturbance input d r . This is an essential property during the feedforward filter design of a semi-active suspension because the dampers have zero steady-state force 150 capability.
The body roll velocity performance signal is weighted by the saturation indicator dependent weight W a (θ) given by is realized such that the performance signal is scaled by the mean value of the saturation indicators θ equally to the feedback control design in [14] . In this way, the performance requirement is relaxed if the actuators are saturated. The control effort weighting function W u (θ) given by
is also realized as introduced in [14] such that the feedforward filter achieves the desired behavior, i.e the controller reduces its output with increasing actuator saturation. Fig. 5 illustrates the weighting scheme of the feedforward filter design with the roll disturbance model G Θ comprised of the saturation block and the unconstrained roll disturbance model G similar to Fig. 2 . The plant P Θ gathering the vehicle model G Θ and the weighting functions W a (θ) and
As discussed in the previous Section, the feedforward filter corresponding to the FI problem (26) 
with Lyapunov matrix Z. • the semi-active dampers,
• the nonlinear spring characteristics, and
• the transmission between wheel position and spring and damper deflec- 
Lane Change Simulations
To verify the performance benefit of the two-degree-of-freedom controller The two-degree-of-freedom LPV controller is compared to a comfort-oriented and a sporty passive suspension configuration. Additionally, the steering input augmentation of a Skyhook-Groundhook controller presented in [9] is adjusted to the case of an acceleration input. Compared to the steering angle, the lateral acceleration is directly correlated to the disturbance acting on the vehicle.
Furthermore, as discussed in [9] , the vehicle response to steering angle inputs is very sensitive to the vehicle speed, while the lateral acceleration represents the vehicle response. The control signal of the Skyhook-Groundhook controller with acceleration input augmentation (AIA), called SH/GH AIA, can be stated
with u SH the original Skyhook-Groundhook control signal as described in [20] .
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If the lateral acceleration a yS is smaller than the lateral acceleration threshold a y,th , the output of the SH/GH AIA controller is just the Skyhook-Groundhook control signal. However, if the lateral acceleration exceeds its threshold the second term gets active and the output of the SH/GH AIA controller is proportional to the lateral acceleration. The gain
the lateral acceleration to the desired damper force and distributes the force to the four dampers of the vehicle. Table 2 presents the results of the simulation scenario. In addition to the criteria ride comfort and road-holding employed during feedback control design, Table 2 by time series plots of 255 the body roll angle, body roll velocity, dynamic wheel loads and control signals.
As suggested by the results of Table 2 Therefore, the Skyhook-Groundhook controller has to take care of the vehicle response from 2 s onwards. As a consequence, the provided damper forces are too small and the vehicle roll response shows a larger amplitude.
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The effect of the feedforward filter N Θ is particularly obvious from the control signals depicted in which provide large rebound forces and only small compression forces. Therefore, the commanded damper current during compression is much higher than during rebound operation of the dampers.
The results reveal that the feedforward filters could be parametrized even more aggressive to further improve the performance regarding driver-induced 275 disturbances. During combined road and driver-induced disturbances, however, an aggressive feedforward filter reduces the overall performance of the LPV controller.
Double Lane Change Experiments
The double lane change manoeuvres are set-up according to ISO 3888-2:2011
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( [35] ). The corresponding test track and parameters are given in Fig. 12 and Table 3 . The lane change defined by [35] resembles an obstacle avoidance manoeuvre and is performed at a vehicle speed of 50 km/h. The roll disturbance acting on the vehicle is estimated according to (12) . The lateral acceleration needed as input to (12) by about 20 %. Fig. 15 illustrates the corresponding body roll angle and velocity 
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